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Physical content of GPDs

Momentum distributions in the transverse plane

qX (x,~b⊥) =

Z
d2~∆⊥

(2π)2
H(x, 0, t)e−i~∆⊥·~b⊥ − 1

2M
∂

∂by

Z
d2~∆⊥

(2π)2
E(x, 0, t)e−i~∆⊥·~b⊥

M. Burkardt, Phys. Rev. D62, (2000) 071503
ξ 6= 0 in M. Diehl, Eur. Phys. J. C25 (2002) 223

Energy-momentum tensor of q flavored quarks

〈p2|T̂
q
µν |p1〉 = Ū(p2)

"
Mq

2 (t)
PµPν

M + Jq (t)
ı(Pµσνρ+Pνσµρ)∆ρ

2M + dq
1 (t)

∆µ∆ν−gµν∆2

5M

#
U(p1)

To measure gravitational FFs : graviton scattering or GPDs identities :

Jq(t) =
1
2

Z 1

−1
dx x

ˆ
Hq(x, ξ, t) + Eq(x, ξ, t)

˜
, Mq

2 (t)+
4
5

d1(t)ξ2 =
1
2

Z 1

−1
dx xHq(x, ξ, t)

(Ji’s sum rule)
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Physical content of GPDs : Energy-momentum tensor of q flavored quarks

〈p2|T̂
q
µν |p1〉 = Ū(p2)

"
Mq

2 (t)
PµPν

M + Jq (t)
ı(Pµσνρ+Pνσµρ)∆ρ

2M + dq
1 (t)

∆µ∆ν−gµν∆2

5M

#
U(p1)

M2(t) ←→ T00 : mass distributions inside the hadron

J(t) ←→ T0i : angular momentum distributions

d1(t) ←→ Tij : forces and pressure distributions

Large Nc χQSM from K.Goeke et al. in Phys. Rev. D75 (2007) 094021
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FIG. 4: (a) r2p(r) as function of r from the CQSM at the physical value of mπ . The shaded regions have — within the numerical accuracy

of about half percent — the same surface areas. This shows how the stability condition
∫∞
0

dr r2p(r) = 0 in Eq. (57) is realized.

(b) The same as (a) but with an additional power of r2 and the prefactor 5πMN . Integrating this curve over r yields d1 according to (17).
The plot shows that one obtains a negative sign for d1 as a consequence of the stability condition (16) shown in Fig. 4a.

where γ = 1
2 p0Rd denotes the surface tension. We show this situation in Fig. 3c — where, however, for better

visibility the δ-functions in (60) are smeared out. This corresponds to allowing the density in the drop to decrease
continuously from its constant inner value to zero over a finite “skin” (of the size ∼ 1

10Rd in Fig. 3c).
Comparing the liquid drop picture to the results from the CQSM we observe a remote qualitative similarity. In

contrast to the liquid drop, the density “inside” the nucleon is far from being constant, see Fig. 1a, and one cannot
expect the pressure in the nucleon to exhibit a constant plateau as in the liquid drop. Still the pressure exhibits the
same qualitative features. The shear forces become maximal in the vicinity of what can be considered as the “edge”
of the object. This is the case in particular for the liquid drop However, the “edge” of nucleon is far more diffuse,
and the distribution of shear forces s(r) is widespread. Of course, the nucleon can hardly be considered a liquid drop.
Such an analogy might be more appropriate for nuclei [19]. Nevertheless this comparison gives some intuition on the
model results — in particular, about the qualitative shape of the distributions of pressure and shear forces.

Next let us discuss how the stability condition (57) is satisfied. Fig. 4a shows r2p(r) as function of r. The shaded
regions have the same surface areas but opposite sign and cancel each other — within numerical accuracy

r0∫
0

dr r2p(r) = 2.61 MeV ,

∞∫
r0

dr r2p(r) = −2.63 MeV . (61)
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FIG. 5: The pressure p(r) as function of r for mπ = 140 MeV.
Dotted line: Contribution of the discrete level associated with
the quark core. Dashed line: Continuum contribution associ-
ated with the pion cloud. Solid line: The total result.

In order to better understand how the soliton acquires sta-
bility, it is instructive to look in detail how the total pressure
is decomposed of the separate contributions of the discrete
level and the continuum contribution. Fig. 5 shows that the
contribution of the discrete level is always positive. This con-
tribution corresponds in model language to the contribution
of the “quark core” and one expects a positive contribution
(“repulsion”) due to the Pauli principle. At large r the dis-
crete level contribution vanishes exponentially since the dis-
crete level wave-function does so [26].

The continuum contribution is throughout negative — as
can be seen from Fig. 5 and can be understood as follows.
The continuum contribution can be interpreted as the effect
of the pion cloud which in the model is responsible for the
forces binding the quarks to form the nucleon. I.e. it pro-
vides a negative contribution to the pressure corresponding
to attraction. In the chiral limit the continuum contribution
exhibits a power-like decay which dictates the long-distance
behaviour of the total result for the pressure as follows

p(r) = −
(

3gA

8πfπ

)2 1
r6

and s(r) = 3
(

3gA

8πfπ

)2 1
r6

at large r. (62)

Stability ⇒
Z ∞

0
dr r2p(r) = 0

r < 0.57 fm⇒ p(r) > 0↔ repulsion (quark core)

r > 0.57 fm⇒ p(r) < 0↔ attraction (pion cloud)
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Access to GPDs : the DVCS process
Observables in the Bjorken limit

γ∗p → γp′

Bjorken regime :
Q2 →∞,
ν →∞,

xB = Q2/2Mν fixed“
ξ → xB

2−xB

”
Müller, Ji, Radyushkin (1994-96)

*γ γ

factorization

ξx+ ξx-

t
1P 2PGPDs

e-’

!

pe-

"*

 hadronic plane

leptonic plane

"

ep → epγ

Diehl, Gousset, Pire, Ralston (1997)

Belitsky, Müller, Kirchner (2002-10)

ALU =
d4σ→ − d4σ←

d4σ→ + d4σ←
twist-2≈ α sinφ + · · ·

1 + β cosφ + · · ·

α ∝
„

F1H + ξGMH̃ −
t

4M2
F2E
«

H(ξ, t) = π
X

q

Q2
q
ˆ
Hq(ξ, ξ, t)− Hq(−ξ, ξ, t)˜

AUL ∝
„

F1H̃ + ξGMH + GM
ξ

1 + ξ
E + · · ·

«
sinφ
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Observables sensitivities to GPD

Im Re

H ALU

σ , ALLH̃ AUL

E AUT , ALT

Meson Flavor

H̃,Ẽ
π+ ∆u −∆d

π0 2∆u + ∆d

η 2∆u −∆d + 2∆s

H,E
ρ+ u − d

ρ0 2u + d

ω 2u − d

φ s

DVCS DVMP

Only a global analysis of all observables can disentangle GPDs
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12 GeV upgrade
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JLab12
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Upgraded apparatus

Higher energy, luminosity, hermiticity, analyzing power
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Upgraded apparatus

Forward Central
detector detector

Angular range

Tracks 5− 40◦ 35− 125◦

Photons 2.5− 40◦ n.a.

Resolution

δp/p < 1% @ 5 GeV/c 5% @ 1.5 GeV/c
δθ < 1 mr < 10-20 mr
δφ < 3 mr < 5 mr

Photon detection

Energy > 0.15 GeV n.a.
δθ 4 mr @ 1 GeV n.a.

Neutron detection

Efficiency < 0.7 under dev.

Particle ID

e/π Full range n.a.
π/p Full range < 1.25 GeV/c
π/K Full range < 0.65 GeV/c
K/p < 4 GeV/c < 1 GeV/c

π → γγ Full range n.a.
η → γγ Full range n.a.
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Upgraded apparatus

EPJ manuscript No.
(will be inserted by the editor)

CLAS12 and its Science Program at the Jefferson Lab Upgrade.

Selected Topics

Volker D. Burkert

Jefferson Lab, Newport News, Virginia, USA

July 29, 2008

Abstract. An overview of the CLAS12 detector is presented and the initial physics program after the
energy-doubling of the Jefferson Lab electron accelerator. Construction of the 12 GeV upgrade project is
anticipated to begin in 2009. A broad program has been developed to map the nucleon’s 3-dimensional
spin and flavor content through the measurement of deeply exclusive and semi-inclusive processes. Other
programs include forward distribution function to large xB ≤ 0.85 and of the quark and gluon polarized
distribution functions, and nucleon ground state and transition form factors at high Q2. The 12 GeV
electron beam and the large acceptance of CLAS12 are also well suited to explore hadronization properties
using the nucleus as a laboratory.

PACS. 1 1.55.Fv, 13.60.Le, 13.40.Gp, 14.20.Gk

1 Introduction

The challenge of understanding nucleon electromagnetic
structure still continues after more than five decades of
experimental scrutiny. From the initial measurements of
elastic form factors to the accurate determination of par-
ton distributions through deep inelastic scattering (DIS),
the experiments have increased in statistical and system-
atic accuracy. Only recently it was realized that the par-
ton distribution functions represent special cases of a more
general, much more powerful, way to characterize the struc-
ture of the nucleon, the generalized parton distributions
(GPDs) [1–4].

The GPDs are the Wigner quantum phase space dis-
tribution of quarks in the nucleon – functions describing
the simultaneous distribution of particles with respect to
both position and momentum. in a quantum-mechanical
system, representing the closest analogue to a classical
phase space density allowed by the uncertainty principle.
In addition to the information about the spatial density
(form factors) and momentum density (parton distribu-
tion), these functions reveal the correlation of the spatial
and momentum distributions, i.e. how the spatial shape
of the nucleon changes when probing quarks of different
wavelengths.

The concept of GPDs has led to completely new meth-
ods of “spatial imaging” of the nucleon, either in the form
of two-dimensional tomographic images, or in the form of
genuine three-dimensional images. GPDs also allow us to
quantify how the orbital motion of quarks in the nucleon
contributes to the nucleon spin – a question of crucial im-
portance for our understanding of the “mechanics” under-

lying nucleon structure. The spatial view of the nucleon
enabled by the GPDs provides us with new ways to test
dynamical models of nucleon structure.

CTOF

SVT

FTOF

HTCC

Solenoid

LTCC

Torus

EC

Region 1

Region 2

Region 3

Fig. 1. 3D view of the CLAS12 detector. The beam comes
from the left. The target is located inside the superconducting
solenoid magnet.



Generalized Parton
Distributions with

CLAS12

F.-X. Girod

Overview

Introduction

CLAS 12

Proposed
measurements
Proton DVCS

Neutron DVCS

Other highlights

GPD extraction

Summary

11

GPD program

Proton DVCS
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Proton DVCS ALU

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Statistical uncertainties from 1 % (low Q2) to 10 % (high Q2)
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Proton DVCS ALU

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Statistical uncertainties from 1 % (low Q2) to 10 % (high Q2)
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Proton DVCS ALU

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Dotted curve : no D-term, dashed-dotted : factorized t-dependence
Q2 = 3.3 GeV2, xB = 0.2 (left and middle), −t = 0.45 GeV2 (left and right)
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Proton DVCS ALU
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Proton DVCS ALU

Extracted H(ξ, ξ, t) and corresponding transverse profile
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Proton DVCS TSA AUL

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3

Statistical uncertainties from 2 % (low Q2) to 10 % (high Q2)
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Proton DVCS TSA AUL

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3
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Proton DVCS TSA AUL

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3

Red solid line : E = Ẽ = 0, blue dashed line : H̃ = 0
Q2 = 4.1 GeV2, xB = 0.36 (left and middle), −t = 0.52 GeV2 (left and right)
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GPD program

Neutron DVCS
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GPD program

Other highlights
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Transverse target asymmetries AUT , DVCS & DVMP
More on angular momentum

DVCS with frozen HD-ice

xB ≈ 0.25

Q2 ≈ 2.6 GeV2

February 5, 2008 4:41 WSPC - Proceedings Trim Size: 9in x 6in talk
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Fig. 3. Projected transverse target asymmetry AUT for DVCS production off protons
at 11 GeV beam energy. The curves represent different assumptions on the u-quark
contributions to J(t).
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Fig. 4. The u-quark distribution in transverse space as extracted from projected DVCS
data with CLAS12.

A measurement of all 3 asymmetries will allow a separate determination
of GPDs H, H̃ and E at the above specified kinematics. Through a Fourier
transformation the t-dependence of GPD H can be used to determine the

Exclusive ρ0 production (hydrogen target)

AUT ∼ ∆⊥ImAB∗

A ∼ 2Hu + Hd

B ∼ 2Eu + Ed
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GPD Extraction
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Efforts towards GPD extraction

H. Moutarde, PRD 79 (2009) 094021 M. Guidal PLB 689 (2010) 156

K. Kumericki & D. Mueller, arXiv:1008.2762

August 18, 2010 0:57 WSPC - Proceedings Trim Size: 9in x 6in JLABproc
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Fig. 2. !mH/π obtained from different strategies: our model fits31 (dashed (solid)
curve excludes (includes) Hall A data), seven-fold CFF fit42 with boundary conditions
(squares),H, H̃ CFF fit41 (diamonds), smeared conformal partial wave model fit43 within
H GPD (circles). Circles (diamonds) are slightly shifted to the left (right) hand side.
The triangles result from our neural network fit, cf. Fig. 3 (left).

Again we took some local minimum with χ2/d.o.f. ≈ 1, giving

rval = 1.11 , bval = 2.4 , d = −6.0 , M sub = 1.5 GeV . (16)

One observes a slight increase of rval and a larger value of bval, i.e., the
enhancement of the GPD H in the resonance region diminishes. In agree-
ment with a chiral quark soliton model estimate,40 the subtraction constant
remains negative and is now sizable; however, at present a positive sign
cannot be excluded. A closer look reveals that our first fit fails to describe
Hall A beam spin sums and underestimates the beam spin differences by
about 50%, while our second one still underestimates all the cross sections
by about 25%. For the latter we find a rather large remainder, effectively
parameterized by H̃ , which is roughly five times bigger than expected. Lon-
gitudinally polarized target data provide a handle on H̃ ,11 where CFF fits41

in JLAB kinematics provide at the means a two to three times bigger H̃

contribution compared to our expectations (rH̃ # 1, bH̃ # 2). These findings
are one to two standard deviations away from our big H̃ ad hoc scenario.

So far we did not study model uncertainties or experimental error
propagation, since both tasks might be rather intricate. To illuminate
this, we compare in Fig. 2 our outcomes for $mH(xB, t)/π versus xB at
t = −0.28 GeV2 (left) and for Hall A kinematics xB=0.36 versus −t (right)
with results that do provide error estimates. The squares arise from con-
strained least squares fits42 at given kinematic means of HERMES and
JLAB measurements on unpolarized proton, where the imaginary and real
parts of twist-two CFFs are taken as parameters. Note that $mẼ and the
other remaining eight CFFs are set to zero, however, all available observ-
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Conclusion
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Summary and Prospects

• Deeply Virtual Compton Scattering on proton and neutron
• Flavor separation with Deeply Virtual Meson Production
• Valence quark tomography with global GPD extraction
• Also tomography of other hadrons
• An option of (polarized) positrons beam is also considered
• Sea and gluon tomography with Electron Ion Collider

EPJ manuscript No.
(will be inserted by the editor)

CLAS12 and its Science Program at the Jefferson Lab Upgrade.

Selected Topics

Volker D. Burkert

Jefferson Lab, Newport News, Virginia, USA

July 29, 2008

Abstract. An overview of the CLAS12 detector is presented and the initial physics program after the
energy-doubling of the Jefferson Lab electron accelerator. Construction of the 12 GeV upgrade project is
anticipated to begin in 2009. A broad program has been developed to map the nucleon’s 3-dimensional
spin and flavor content through the measurement of deeply exclusive and semi-inclusive processes. Other
programs include forward distribution function to large xB ≤ 0.85 and of the quark and gluon polarized
distribution functions, and nucleon ground state and transition form factors at high Q2. The 12 GeV
electron beam and the large acceptance of CLAS12 are also well suited to explore hadronization properties
using the nucleus as a laboratory.

PACS. 1 1.55.Fv, 13.60.Le, 13.40.Gp, 14.20.Gk

1 Introduction

The challenge of understanding nucleon electromagnetic
structure still continues after more than five decades of
experimental scrutiny. From the initial measurements of
elastic form factors to the accurate determination of par-
ton distributions through deep inelastic scattering (DIS),
the experiments have increased in statistical and system-
atic accuracy. Only recently it was realized that the par-
ton distribution functions represent special cases of a more
general, much more powerful, way to characterize the struc-
ture of the nucleon, the generalized parton distributions
(GPDs) [1–4].

The GPDs are the Wigner quantum phase space dis-
tribution of quarks in the nucleon – functions describing
the simultaneous distribution of particles with respect to
both position and momentum. in a quantum-mechanical
system, representing the closest analogue to a classical
phase space density allowed by the uncertainty principle.
In addition to the information about the spatial density
(form factors) and momentum density (parton distribu-
tion), these functions reveal the correlation of the spatial
and momentum distributions, i.e. how the spatial shape
of the nucleon changes when probing quarks of different
wavelengths.

The concept of GPDs has led to completely new meth-
ods of “spatial imaging” of the nucleon, either in the form
of two-dimensional tomographic images, or in the form of
genuine three-dimensional images. GPDs also allow us to
quantify how the orbital motion of quarks in the nucleon
contributes to the nucleon spin – a question of crucial im-
portance for our understanding of the “mechanics” under-

lying nucleon structure. The spatial view of the nucleon
enabled by the GPDs provides us with new ways to test
dynamical models of nucleon structure.

CTOF

SVT

FTOF

HTCC

Solenoid

LTCC

Torus

EC

Region 1

Region 2

Region 3

Fig. 1. 3D view of the CLAS12 detector. The beam comes
from the left. The target is located inside the superconducting
solenoid magnet.
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Positron beam option
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FIG. 4: The σUU cross section, see Eq. (10), at xB = 0.3, Q2 = 3 GeV2 and the lepton beam

energy of 12 GeV. Left panel: t = −0.2 GeV2; right panel: t = −0.4 GeV2.
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FIG. 5: The σLU cross section, see Eq. (12).

VI. CROSS SECTION DIFFERENCES AND ASYMMETRIES

One can also form positron-electron cross section differences,

∆σUU = σ+
UU − σ−UU ,

∆σLU = σ+
LU − σ−LU ,

∆σUL = σ+
UL − σ−UL ,

∆σUT = σ+
UT − σ−UT , (26)
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FIG. 8: The positron-electron cross section differences ∆σ, see Eq. (26).
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FIG. 9: The charge asymmetries AC , see Eq. (27).

VII. DETAILED LOOK AT THE ASYMMETRIES: sin φ AND cos φ MOMENTS

One can also study the contribution of different sinφ and cos φ harmonics to the consid-

ered positron-electron asymmetries.

A. Unpolarized target, unpolarized beam

AC,UU =
σ+

UU − σ−UU

σ+
UU + σ−UU

= − Iunp

|TBH,unp|2 + |TDVCS,unp|2 (28)
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FIGURE 4. Cross sections and charge asymmetries. Top-left: Azimuthal dependence of the unpolarized
cross section for positron and electron beam at 11 GeV beam energy [14]. Bottom-left: Charge asymme-
tries for unpolarized lepton beams (UU), for leptons at fixed polarization (LU), and for protons at fixed
polarization (UL). Top-right: Projected statistical accuracy for the charge asymmetry of unpolarized lepton
beams. Bottom-right: cosφ moment of the unpolarized charge asymmetry vs momentum transfer t to the
proton, for the same Q2 and x bins as the graph at the top.

Estimates of charge asymmetries for different lepton charges

For quantitative estimates of the charge differences in the cross sections we use the
acceptance and luminosity achievable with CLAS12 as basis for measuring the process
ep → eγ p at different beam and target conditions. A 10 cm long liquid hydrogen is
assumed with an electron current of 40nA, corresponding to an operating luminosity
of 1035cm−2sec−1. For the positron beam a 5 times lower beam current of 8nA is
assumed. In either case 1000 hours of beam time is used for the rate projections. For
quantitative estimates of the cross sections the dual model [14] is used. It incorporates
parameterizations of the GPDs H and E. As shown in Fig. 4, effects coming from the
charge asymmetry can be large. In case of unpolarized beam and unpolarized target the
cross section for electron scattering has only a small dependence on azimuthal angle φ ,
while the corresponding positron cross section has a large φ modulation. The difference
is directly related to the term σINT in (1).
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